Transforming growth factor (TGF)-b acts as a tumor suppressor during cancer initiation, but as a tumor promoter during tumor progression. It has become increasingly clear that TGF-b plays fundamental roles in multiple steps of tumor progression, including epithelial-mesenchymal transition (EMT). The EMT, first described by developmental biologists at the beginning of the 1980s, plays crucial roles in appropriate embryonic development, but also functions in adults during wound healing, organ fibrosis, and tumor progression. During EMT, epithelial cells lose their epithelial polarity and acquire mesenchymal phenotypes, endowing them with migratory and invasive properties. Many secreted polypeptides are implicated in this process, and act in a sequential or cooperative manner. TGF-b induces EMT by propagating intracellular signaling pathways and activating transcriptional factors. Here, I discuss new insights into the molecular mechanisms underlying induction of EMT by TGF-b in cooperation with Ras or growth factors, along with the signals that induce EMT through transcriptional and posttranscriptional regulation.
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Transforming Growth Factor-b-Smad Signaling T ransforming growth factor (TGF)-b is a prototypic member of a large superfamily of more than 30 secreted cytokines, including bone morphogenetic proteins, growth differentiation factors, activins, myostatin, and TGF-b.
(1) These pleotropic cytokines regulate numerous biological functions, such as proliferation, apoptosis, differentiation, and migration, in various types of cells, thereby regulating embryonic patterning, stem cell maintenance, and the immune system. (2) Transforming growth factor-b and related factors bind to serine ⁄ threonine kinase receptors and transduce signals principally through Smad proteins. The Smad family comprises of eight structurally related proteins, categorized into three distinct groups: R-Smads, common mediator Smad (Smad4), and inhibitory Smads. R-Smads, including Smad2 and Smad3, are involved in TGF-b signaling. R-Smads possess an N-terminal MH1 domain and a C-terminal MH2 domain, which are connected by a proline-rich acidic linker region. The MH1 domain is bound to DNA, whereas the MH2 domain is involved in complex formation and transcriptional regulation. (3) The linker region contains several serine and threonine residues that are phosphorylated by several kinases downstream of growth factor receptors. Phosphorylation of the SXS motif in the MH2 domain of R-Smads by receptor kinase leads to their activation and translocation (along with Smad4) into the nucleus, where transcription of target genes are regulated in cooperation with various transcription factors and transcriptional coactivators or co-repressors. On the other hand, phosphorylation of the linker region induces retention of R-Smad proteins in the cytoplasm and promotes their ubiquitin-dependent degradation, resulting in inhibition of TGF-b signaling. (4) However, phosphorylation of the Smad3 linker region is required for maximal transcriptional activation by TGF-b, (5, 6) and to transduce signals independent of TGF-b. (7) Hence, the physiological significance of the phosphorylation of the linker region is still controversial. function experiments in mice. Overexpression of TGF-b in epidermis decreases proliferation of keratinocytes and protects mice from tumorigenesis and hyperplasia after treatment with carcinogens. By contrast, ectopic expression of dominant-negative receptors in the epidermis promotes hyperplasia or malignant conversion of epithelial cells. Moreover, aberrations in TGF-b signaling by mutations in signaling components have been observed in various types of tumors. In particular, loss of chromosome 18q21, which contains the Smad4 gene, is observed in 60% of pancreatic and 30% of colorectal cancers. These genetic alterations are not as frequent in other cancers, although inhibitory molecules of TGF-b signaling, such as Smad7 and c-Ski, are also upregulated in certain cancers. Based on these observations, TGF-b is considered to act as a tumor suppressor. (9) These genetic alterations and insensitivity to TGF-b are not detected in all types of tumors. In the advanced stages of cancer, TGF-b is often overexpressed in tumor tissues, where it induces migration and invasion of cancer cells. Because TGFb regulates cell viability and cellular function of immune cells, endothelial cells, and fibroblasts in the tumor microenvironment, it facilitates proliferation and motile properties of tumor cells by helping them evade immune surveillance, promoting angiogenesis and lymphangiogenesis, and depositing ECM proteins. Consequently, TGF-b promotes tumor progression by modifying tumor microenvironments. (10) However, blockade of TGF-b signaling in malignant tumor cells suppresses cell survival, intravasation, and motile properties of the cells. In addition, chronic exposure of tumor cells to TGF-b results in loss of TGF-b-mediated growth inhibition, increased cell motility and invasion, and marked changes in cell morphology, leading to EMT. (11, 12) Therefore, TGF-b in tumor tissues promotes tumor progression by modulating tumor cells themselves, as well as normal cells present in tumor microenvironments.
Regulation of EMT by Transcriptional Factors and miRNAs
Epithelial-mesenchymal transition (EMT) is a phenotypic conversion that facilitates embryonic development and wound healing in physiological processes; the process was initially described by developmental biologists. (13, 14) However, it became apparent that EMT is also associated with fibrotic diseases and tumor progression in adult tissues. EMT involves dramatic cellular changes, including a decrease in intercellular adhesion and cell polarity, as well as an increase in matrix remodeling and motility. The EMT is characterized by the loss of epithelial marker proteins, such as cytokeratin. The process is also accompanied by dissolution of adherens junction proteins, such as E-cadherin, b-catenin, c-catenin, and p120 catenin, and by disruption of tight junctions through downregulation or delocalization of tight junction proteins such as Zo-1, occludin, and claudins, resulting in dissociation of epithelial cells and loss of apical-basal polarity. Concomitantly, EMT induces mesenchymal features, like spindleshaped morphology, reorganization of actin stress fibers, and expression of mesenchymal marker proteins such as N-cadherin, vimentin, and fibronectin. (15) Occurs in epithelial carcinoma cells in primary nodules, which differentiate into metastatic tumor cells. The process of tumor cell invasion involves the loss of cell-cell interactions together with acquisition of migratory properties, both of which are also often associated with EMT. As well as acquiring mesenchymal behaviors, cancer cells undergoing EMT exhibit more aggressive phenotypes, including resistance to drugs and stresses, inhibition of senescence and anoikis, and acquisition of immunosuppression and stem cell-like features (Fig. 1) . These phenotypic changes are regulated by crucial roles of ECM components and soluble factors. Recent studies have revealed the involvement of several transcription factors, known as key EMT regulators, in this process; these include the Snai family of zinc-finger transcription factors (Snail, Slug, and Smuc), the dEF1 family of two-handed zinc-finger factors (dEF1 ⁄ ZEB1 and SIP1 ⁄ ZEB2), and the basic helix-loop-helix factors Twist and E12 ⁄ E47. Except for Twist, these transcription factors repress expression of E-cadherin by direct binding to the E-box sites in its promoter, resulting in transcriptional repression of E-cadherin. (16, 17) Several miRNAs involved in specifying epithelial phenotypes have been identified. The miRNAs of the miR-200 family target and repress dEF1 and SIP1 ( (Fig. 3) . (18, 19) In various types of cancer cells, expression profiles of dEF1 are similar to those of SIP1, both of which are functionally redundant due to the same binding sites in promoter regions of target genes. (20) Recently, it was reported that miR-200s also represses Snai family proteins, (21) suggesting that the negative feedback loop is a hierarchical machinery for repressing several key EMT regulators during EMT. Indeed, reduced expression of dEF1 results in increased expression of miR-200s and subsequently represses SIP1 expression. In vivo studies show that overexpression of miR-200s inhibits EMT and metastasis through regulating dEF1 ⁄ SIP1 expression, and that a correlation between miR-200s and liver metastasis is clearly observed in colorectal cancers. (22) Recently, an idea called the "ceRNA theory" has emerged. (23) In this model, miRNAs are sequestered by ceRNAs to regulate mRNA transcripts containing common miRNA recognition elements; for example, miR-25 and miR-200 target both the SIP1 and PTEN mRNAs, both of which possess the common miRNA recognition elements in their 3 0 -UTRs (Fig. 3) . Attenuation of the SIP1 mRNA liberates the miRNAs to bind and silence the PTEN mRNA, resulting in a reduction in PTEN protein levels. Importantly, this process is dependent on miRNA binding but independent of protein coding. Thus, suppression of SIP1 mRNA leads to activation of the phosphatidylinositol 3-kinase ⁄ AKT pathway in human cancer cells. In this case, multiple putative miRNAs targeting PTEN validate the SIP1 mRNA as a PTEN ceRNA. (24, 25) The transcription factor HMGA2 is also involved in EMT through Snail induction in mouse epithelial cells. (26) Expression of HMGA2 mRNA is regulated by the let-7 miRNA, which also binds the mRNA of TGF-b receptor, suggesting that HMGA2 mRNA acts as a ceRNA for let-7 miRNA (Fig. 3) . (27) Therefore, several types of machinery mediated by ceRNAs might be involved in EMT induction through multiple gene expression networks in cancer cells.
Regulation of EMT through Post-translational Regulation of Snail and dEF-1
Snail, one of the most critical factors involved in EMT induction, undergoes post-transcriptional modifications through phosphorylation by GSK-3b. Because Snail possesses a typical GSK-3b phosphorylation motif (DSGxxS) within its nuclear export signal, GSK-3b-mediated phosphorylation provokes its cytoplasmic export and subsequent ubiquitin-mediated proteasome degradation by b-TrCP, as in the case of b-catenin. Thus, GSK-3b regulates tumorigenesis and tumor progression by controlling protein levels of b-catenin and Snail, respectively. (16, 17) By contrast, the small C-terminal domain phosphatase (SCP) dephosphorylates these phosphorylation sites and inhibits degradation of Snail. Snail is also degraded by an E3 ligase, F-box protein 11, which is dependent on phosphorylation of Snail at Ser-11 by protein kinase D1. (28) Although these phosphorylation sites are not conserved in other members of the Snai family, post-translational regulation of Snail is deeply associated with EMT induction and cancer metastasis.
Two well-characterized members of the dEF1 family, dEF1 (also known as ZEB1) and SIP1 (ZEB2), are involved in TGFb-induced EMT in mouse epithelial cells. (20) The amino acid similarity between dEF1 and SIP1 is approximately 60%. (29, 30) The former was initially identified as a molecule that regulates embryonic development in mice, (31) and it activates TGF-b signaling. The latter was identified by a two-hybrid screen using Smad as the bait, and it inhibits TGF-b signaling by interaction with R-Smads. (29) The basis of the functional difference between dEF1 and SIP1 has been elucidated: dEF1 forms a complex with the transcriptional activators p300 and PCAF through its N-terminal region, whereas SIP1 does not bind these factors. Moreover, both dEF1 and SIP1 directly bind the promoter region of E-cadherin and suppress its transcription. Interaction between SIP1 and R-Smads takes place through the SBD at its N-terminus, whereas dEF1 only interacts weakly with R-Smads, possibly due to the low degree of sequence similarity in the two proteins' SBDs. A SIP1 deletion mutant lacking the SBD still represses the transcription of E-cadherin, (20) suggesting that binding to Smads is dispensable for E-cadherin repression by both dEF1 and SIP1. In addition, dEF1 regulates the TGF-b-mediated epithelial-myofibroblastic transition, (32, 33) and positively regulates the transcription of smooth muscle a-actin, a representative myofibroblast marker, by direct binding to its promoter region in vascular smooth muscle cells, whereas SIP1 does not. Therefore, although SIP1 functions as a transcriptional repressor, dEF1 acts both as a transcriptional repressor and as a transcriptional activator (or de-repressor).
Induction of EMT by Synergism between TGF-b and other Signals
Nearly all cases of EMT described to date are regulated by ECM components and soluble growth factors or cytokines, including Wnt, FGFs, hepatocyte growth factor, EGF, and TGF-bs. (15, 34) Of these, TGF-b was first described as an inducer of EMT during development, and is now thought to promote metastasis through induction of EMT on the invasive fronts of metastatic cancers. TGF-b upregulates expression of key EMT regulators, including Snail and dEF1 ⁄ SIP1, in epithelial and cancer cells. Several intracellular signals enhance TGF-b signaling to promote tumor invasion ⁄ metastasis and EMT. For example, tumor necrosis factor-a, which is secreted from macrophages, promotes TGF-b-induced EMT in lung cancer A549 cells. (35) FGF-2 and FGF-4, as well as EGF and hepatocyte growth factor, also enhance TGF-b-induced EMT in epithelial and cancer cells (Fig. 4a) . (33, 36) Thus, it is possible that EGF-induced EMT, for example, is facilitated by autocrine TGF-b secreted from the cells. Indeed, cancer cells autonomously produce large quantities of TGF-b, and TGF-b inhibitors affect the phenotypes of cancer cells. from cells in the cancer microenvironment. EMT resulting from synergism in cancer cells surrounding the tumor nest may be associated with invasion into the stroma; these phenomena are consistent with previous pathological findings that expression of E-cadherin is preferentially repressed at the invasive edge of a metastatic tumor, but not in the central region of the tumor nest.
Regarding the synergism mentioned above, TGF-b induces Snail expression in cooperation with oncogenic (constitutively active) Ras in cancer cells. When epithelial cells are transformed by oncogenic Ras, they not only become resistant to growth inhibition by TGF-b, but also undergo EMT with invasive and metastatic phenotypes. In MDCK cells and human pancreatic cancer Panc-1 cells, induction of Snail by TGF-b occurs in cooperation with active Ras signals. (36, 38) Oncogenic Ras dramatically enhances TGF-b-induced expression of Snail, whereas representative direct targets of TGF-b, including Smad7 and plasminogen activator inhibitor 1, are either unaffected or slightly inhibited by Ras signaling (Fig. 4b,c) . (36) Consistent with these observations, cancer cells harboring activated alleles of Ras revealed remarkable induction of Snail after exposure to TGF-b alone. (36) This finding is intriguing, because phosphorylation at the linker regions of R-Smads by kinases downstream of Ras prevents nuclear translocation of the R-Smads and stimulates their degradation. (10) In addition, Smad3, but not Smad2, has the ability to enhance Snail induction in collaboration with Ras (unpublished data). Mutations in Smad3 in which either four putative phosphorylation sites in the linker region or all serine-proline sites were ablated enhance the responsiveness of representative TGF-b target genes, (39) but do not affect the induction of Snail by a combination of TGF-b with Ras. (36) Thus, this synergism between TGF-b and Ras signaling leads selectively to induction of Snail, which is dependent on Smad3 but independent of phosphorylation at the serine-proline sites of Smad3. The underlying mechanism, which is not well understood, seems to switch the TGF-b response from antitumor effects to tumor-promoting effects, and is thus sometimes called the "TGF-b switch". (40) Elucidation of the molecular mechanism by which oncogenic Ras regulates the opposing roles of TGF-b might lead to understanding of the TGF-b switch.
Post-transcriptional Regulation of EMT by TGF-b
As described above, FGF-2 and FGF-4 enhance the TGF-binduced EMT. FGF-2 and FGF-4 bind preferentially to the mesenchymal IIIc isoforms of FGF receptors, whereas FGF-7 (also known as keratinocyte growth factor) and FGF-10 bind exclusively to the epithelial IIIb isoforms. (33) These isoforms are regulated by the alternative splicing machinery through the ESRPs. (41) Epithelial splicing regulatory proteins 1 (ESRP1) and 2 (ESRP2) were previously known as RNA-recognition motif-containing proteins Rbm35a and Rbm35b, respectively. They bind directly to hexamers containing repeats of UGG or GGU motifs, which are enriched in alternatively spliced regions. As expected, TGF-b downregulates the expression of ESRPs, and subsequently switches the IIIb isoforms of FGFRs to IIIc isoforms, which become sensitized to FGF-2 ⁄ -4 ligands during EMT. Addition of FGF-2 to TGF-b-treated cells dramatically enhanced EMT (Fig. 4a) . Importantly, aggressive breast cancer cells express only IIIc isoforms of FGFRs, whereas non-aggressive cells express IIIb isoforms. (42) In addition, silencing ESRPs induces switching of alternative splicing of FGFRs from the IIIb isoform to the IIIc isoform, whereas overexpression of ESRPs induces a switch from IIIc to IIIb. Besides FGFs, ESRPs changed the splicing profiles of CD44, Ste 20-like kinase, p120 catenin, and Mena (a member of the Enabled (Ena) ⁄ vasodilator-stimulated phosphoprotein family of proteins). (43) Together with previous findings that a large number of mRNAs was altered by alternative splicing in TGF-b-induced EMT, (42) the splicing program seems to be an essential feature of the epithelial phenotype, and many changes in cell behavior associated with EMT are due to alterations in functions of proteins that undergo isoform switching during this process (Fig. 5) .
Recently, we found functional differences between ESRP1 and ESRP2. (44) When ESRP1 was knocked down in cancer cells, CD44 variants (CD44v) were switched to the standard form (CD44s). Moreover, ESRP1 siRNA altered the splicing isoform of Rac1, generating another alternative splicing variant (Rac1b). Rac1b has 19 additional amino acid residues that correspond to the exon 3b (57 nucleotides) included into the Rac1 mRNA. This insertion accelerates GDP ⁄ GTP exchange and impairs GTP hydrolysis. Thus, Rac1b is preferentially in a GTP-bound active form and involved in motility of tumor cells. (45) (46) (47) However, when ESRP2 was knocked down in these cells, CD44v was not switched to CD44s, but E-cadherin expression was transcriptionally repressed. (44) Therefore, ESRPs play crucial roles in alternative splicing and transcriptional regulation during EMT in cancer cells.
Epithelial-mesenchymal Transition in Cancer
Metastasis occurs through several steps: local invasion, intravasation, transport (circulating tumor cells), extravasation, and colonization. EMT has been shown to play pivotal roles in these steps to promote metastasis. For examples, EMT is observed in only a limited area of tumor sections, such as a leading edge. However, cancer cells that are morphologically well differentiated take part in the metastasis process, known as "collective migration", in which cells do not disseminate and invade as individuals. (48) The migrating cancer cells with epithelial characteristics appear to follow fibroblasts ⁄ cancerassociated fibroblasts or motile invasive cells derived by EMT at the invasive front of the tumor. It has been reported that EMT cells at the invasive front degrade the ECM and lead non-EMT cells that can attach to the vessel wall, resulting in extravasation. (49) In addition, EMT, which occurs in circulating tumor cells, causes acquisition of resistance to anoikis and stress from blood pressure. Once tumor cells have extravasated into distant organs, the EMT cells regain their epithelial phenotypes (mesenchymal-epithelial transition) to form a solid tumor. The phenomenon of switching between EMT and mesenchymal-epithelial transition is evident in bladder, colorectal, and ovarian cancers. Otherwise, the EMT cells may continue to further invade into the secondary site where only non-EMT cells can colonize and initiate growth to form metastasized tumor tissues.
Breast cancer is well characterized in EMT studies and is classified into two subtypes, luminal and basal-like, corresponding to two distinct types of epithelial cells found in the normal mammary gland. (50) The luminal subtype is correlated with a good prognosis, whereas the basal-like subtype is associated with aggressive behavior and poor prognosis. The expression of E-cadherin was inversely correlated with both expression of dEF1 ⁄ SIP1 and progression of breast cancer. Most cell lines with high levels of E-cadherin and low levels of dEF1 ⁄ SIP1 are categorized into the luminal subtype. By contrast, most of the cell lines with low E-cadherin levels and high dEF1 ⁄ SIP1 levels are categorized into the basal-like subtype. (42) ESRPs are also expressed at low levels in the basal-like subtype, and repressed by direct binding of dEF1 ⁄ SIP1 to their promoter regions, similar to the repression of Ecadherin by dEF1 ⁄ SIP1. Recently, we found that ITGA3 was highly expressed in the basal-like subtype, and that ERK inhibitor downregulated expression of ITGA3. (51) When ITGA3 is functionally blocked by neutralizing antibodies or its expression is reduced by ERK inhibitor or its specific siRNA, invasive properties are significantly repressed in breast cancer cells and glioma cells. (51, 52) Interestingly, ERK inhibitor also suppressed the expression of dEF1. (51) Thus, the ERK pathway, which is constitutively activated in the basal-like subtype, upregulates expression of ITGA3 as well as dEF1. In the basal-like breast cancer cells, dEF1 interacted with DNMT1 through the SBD domain. Sustained knockdown of both dEF1 and SIP1 reduces the number of DNA methylations at the C-5 position of cytosine sites in the E-cadherin promoter region, suggesting that these proteins maintain the C-5 position of cytosine through interaction with DNMT1. Moreover, dEF1 also interacts with some components of the nucleosome remodeling and deacetylase complex, including the metastasisassociated proteins and the methyl-CpG binding domain family of proteins. (53) Previous studies reported that Snail also interacts with DNMT1, as well as multiple chromatin-modifying proteins including histone lysine-specific demethylase, Polycomb repressive complex 2, and histone methyltransferase responsible for the trimethylation of H3K9. (54, 55) Thus, it seems that dEF1 and Snail regulate both methylation status and chromatin modification of the E-cadherin gene, acting as transcriptional repressors both directly at the transcriptional level and indirectly at the epigenetic level during tumor progression.
Analyses using more than 1000 samples of breast cancer show that recurrence-free survival of the tumor is reduced with increase expression of the EMT markers, including Snail, Twist, and vimentin. (56) In colon cancer, the upregulation of genes involved in EMT defines a distinct subtype with very unfavorable prognosis. Moreover, immunohistochemical analyses in prostate cancer suggest that expression levels of the EMT markers are useful predictors for recurrence following surgery and associated with increased Gleason score, advanced clinical stage, and poor prognosis. (57) The EMT status (E-cadherin-negative ⁄ Snail-positive) in endometrial cancer significantly correlates with histopathological type, myometrial invasion and positive peritoneal cytology, but reversely correlates with overall survival. (58) Taken together, studies on EMT in a variety of tumors show statistical correlations between alternations of various EMT markers and patient prognosis.
Conclusions and Perspectives
The key EMT regulators modify expressions of EMT marker proteins at the post-transcriptional, transcriptional, and epigenetic levels. TGF-b, probably secreted from cancer cells, regulates expression of the key EMT regulators and plays a role in tumor progression in cooperation with additional signals from other factors secreted from cells in the tumor microenvironment.
So far, it is still unclear to what extent cells undergo a complete conversion of cell type ⁄ morphology by EMT in vivo. However, recent studies prove that an EMT-like morphology or expression of the key EMT regulators is associated with cancer stem cell and tumor aggressivity in a variety of malignant tumors. Thus, the molecules underlying EMT would be promising targets for novel antitumor drugs. Indeed, current treatment modalities remain limited in their efficacy in targeting cells with EMT, due in part to potential drug resistance in the cells. Therefore, appropriate pharmacological targets for the EMT program remains to be elucidated in future studies. 
